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The contributions of resonant and non-resonant components to the overall sound transmission loss of a finite panel have been studied numerically. It was seen that the fundamental mode makes a significant contribution to the non-resonant sound transmission loss of a finite panel.  Therefore, the non-resonant sound transmission loss of a finite panel can be determined, when using a coupled finite element/boundary element analysis, by constructing a structural model with only the fundamental mode in the modal database. The sound transmission loss obtained using this method represents the non-resonant transmission loss of the panel at all frequencies apart from those in the vicinity of the natural frequency of the fundamental mode. The analysis of panels containing higher order modes showed that these modes only contribute to the overall sound transmission loss of a panel at frequencies close to their natural frequencies. The resonant contribution of these higher order modes is reduced by the presence of damping.





Two distinct sound transmission mechanisms, resonant and non-resonant, are associated with the overall sound transmission loss of a finite panel. Many different workers have discussed the contributions of resonant and non-resonant transmission to the overall sound transmission loss of a finite panel, particularly in relation to their relative importance over various parts of the audible frequency range.  It has become common to think of the non-resonant transmission loss of a finite panel as that given by the ‘mass law’ [1] for an equivalent, but infinite, panel. However, the ‘mass law’ describes the transmission of sound through an infinite panel, and such transmission is different from that encountered during resonant or non-resonant transmission through a finite panel. The sound transmission loss of a finite panel is reduced below that predicted by the ‘mass law’ by resonant transmission [2]. Resonant transmission occurs due to increases in panel vibration, when the finite panel is excited at frequencies close to the natural frequencies [3]. 
	The definitions of resonant and non-resonant transmission for a finite panel used in this paper are those of Price and Crocker [3]. The modes responsible for resonant transmission have their natural frequencies within the band under consideration. The modes responsible for non-resonant transmission are excited, but their natural frequencies lie outside the frequency band under consideration. Several workers have discussed the extent to which each form of transmission is effective over various frequency ranges. Lawrence [4] indicated that at “lower frequency” transmission depends mainly on panel resonance, consequently the size, elasticity and surface density of the panel are important. At a frequency about twice the fundamental frequency of the system, the panel begins to behave as a “series of small masses” and is then mass controlled (non-resonant transmission). Utley [5] suggested that the ‘mass law’ is suitable for sound transmission loss prediction in finite panels since, for the frequency range lying between the fundamental panel resonance and the coincidence frequency, resonances are not important. Novikov [6] was of the opinion that the ‘mass law’ is not suitable for application to finite panels since it neglects resonant transmission and associated effects such as frequency-dependent radiation efficiency. He went on to derive an expression with a term representing a finite correction to the ‘mass law’. 
	A numerical method for the determination of sound transmission loss [7] has been used by Trevathan and Pearse to study issues concerning the sound field incident on a test specimen [8]. A numerical model provided further insight into the respective roles of resonant and non-resonant transmission in a finite panel. Results generated, using the numerical model, have shown that the transmission loss curve of an undamped finite panel is a line of constant positive gradient below the critical frequency, interrupted by a series of troughs [7]. An example is shown in figure 1, for the case of a 10 mm plasterboard panel (Young’s modulus = 2.4 x 109 N/m2, Poisson’s ratio = 0.22, density = 660 kg/m3). The modelled panel measured 0.64 metres by 1.20 metres and had clamped edges. The sound transmission loss was calculated when the panel was excited by 21 plane wave sources, approximating a diffuse field, using the commercial software SYSNOISE®.


Figure 1.	Calculated sound transmission loss of an undamped plasterboard panel, at sub-critical frequencies

The measured value, also shown in figure 1, was obtained for a plasterboard panel 0.948 metres by 1.548 metres, with nominally the same material properties as the modelled panel. The perimeter of the experimental panel was secured using a series of clamps and a steel frame. The panel was mounted between a 217 m3 reverberation room and a semi-anechoic room. A ‘diffuse’ sound field was generated in the reverberation room using an omni-directional source ( Brüel and Kjaer Type 4296), supplied with  a amplified a pink noise signal. The sound pressure level in the room was measured using a Brüel & Kjaer Type 2260 sound analyzer. The transmitted sound intensity was measured in the semi-anechoic room using a sound analyser (Brüel and Kjaer 2260) and sound intensity probe (Brüel and Kjaer Type 3595). 
	The troughs in the calculated sound transmission loss curve for the plasterboard panel correspond to the natural vibrational modes of the panel, and are reduced through the introduction of damping as shown in figure 2.


Figure 2. Effect of damping on the calculated sound transmission loss of a plasterboard panel, at sub-critical frequencies
 
	This paper presents a development of this work to the study of resonant and non-resonant sound transmission through finite panels. 	 
2. Numerical Model
Quadrilateral plate elements were used to construct a finite element model of a thin panel. The frequency to which valid solutions could be obtained was established using the limits proposed by Cremer and Heckl [10] and Rindel [11], where the thickness of the plate reaches one sixth of the governing wavelength of sound on the plate. After assigning appropriate boundary conditions and material properties, the structural eigen-frequencies of the thin plate were obtained. The accuracy of this solution was investigated by comparing the numerical eigen-frequencies with those obtained using classical methods for a simply supported thin plate. This analysis showed there were errors which increased with frequency, but remained predictable and small. It was also noted that at very high frequencies, the form of the displacement patterns associated with the eigen-frequencies would, in practice, differ from the Euler-Bernoulli form assumed in the numerical method. 
	Damping was not included in any of the numerical models used to generate the results presented. Consequently, the troughs in the calculated sound transmission loss curves due to resonant transmission by the panel modes are very deep (and would extend to zero, given high enough frequency resolution). Studies have shown that the inclusion of experimentally measured modal damping values in the model produces a transmission loss curve which is within 1 dB of an equivalent experimental result, over the sub-critical frequency range [7].
	A boundary element model was then constructed utilising the commercial software package SYSNOISE®, using a mesh identical to the structural mesh mounted in an infinite rigid baffle. Various sound sources were defined on one side of the infinite rigid baffle, so as to produce an incident sound field on the boundary element mesh. The boundary element and finite element models were then coupled, and the coupled system solved in 10 Hz steps. The practical upper frequency limit for these calculations was governed by the computational power available. For the results presented here, this upper limit was the upper bound of the 1000 Hz third octave band. This limited the numerical calculation to sub-critical frequencies for the plasterboard panels studied.
	The sound transmission loss of the panel was then determined. The sound power incident upon the panel was calculated by removing the structural mesh, allowing the average propagating sound intensity in the direction normal to the panel surface, over the panel surface, to be calculated. The transmitted sound power was calculated by finding the average sound intensity, propagating in a direction normal to the panel surface, over a measurement plane covering the transmitting surface of the panel. This method is somewhat akin to the intensity method of experimentally measuring sound transmission loss based on ISO 9614-2 [12].
	In all cases presented in this paper, the simple excitation scheme of a single plane wave at normal incidence was used. As has been shown previously [13], the values of sound transmission loss, produced using such an excitation scheme, are of the same magnitude as those for a diffuse field, however only the ‘odd-odd’ panel modes are excited. This arrangement was preferable to the case of a diffuse incident field, since fewer panel modes were excited, making the identification of the effects of individual modes easier. The numerical model enabled manipulation of the vibrational modes of a system. That is, the displacement pattern associated with a natural modal frequency could be changed manually, as could the modal frequencies themselves. This flexibility allowed for the creation of finite panels which had only a specified number of vibrational modes. The analysis of the sound transmission loss of these panels was used to assess the ability of individual panel modes to transmit sound.
3. Fundamental panel mode
A structural model and associated modal database were created, representing a finite panel whose only vibrational mode was the fundamental mode. The displacement pattern associated with this mode is shown in figure 3.


Figure 3. Displacement pattern associated with the fundamental vibrational mode 

The sound transmission loss of this panel was calculated numerically, when excited by a single plane wave at normal incidence, and the resulting sound transmission loss curve compared to the sound transmission loss curve of an equivalent panel with a full modal database, as shown in figure 4.

Figure 4. Transmission loss of a panel, considering the fundamental mode only,  and also with all modes considered.

The predicted sound transmission loss, considering the fundamental mode only, is characterised by a ‘trough’ at the natural frequency of this mode (in this case, 30 Hz). According to Price and Crocker [3], at all frequencies except those close to the natural frequency of the fundamental mode, the sound transmission loss approximates the non-resonant transmission loss of the panel. This is demonstrated in figure 4, where there is a high degree of similarity between the sound transmission loss, calculated for the panel with only the fundamental mode, and the traditional ‘mass law’ curve, which is often used to approximate non-resonant transmission in finite panels. However, the numerical result does depart from the constant 6 dB per octave slope predicted by the ‘mass law’.  
	Comparison with the sound transmission loss curve for the panel with a full modal database shows that the transmission loss associated with the fundamental mode appears to define a maximum possible transmission loss, and subsequent transmitting modes degrade this curve with ‘troughs’ centred around their respective natural frequencies. This finding is very similar to the model of resonant and non-resonant transmission described by Moore [2], where the non-resonant transmission is regarded as the best-case situation and the transmission loss of the system is degraded by resonant transmission. This however disagrees with the findings of Lawrence [4] and Utley [5], who maintain that the effect of resonant transmission between the fundamental frequency and the critical frequency of a finite panel is not significant. Although there was no damping defined in the model; the magnitude of the resonant transmission evident in figure 5 would be reduced in practice.
	This result illustrates the importance of the fundamental mode, and reveals a possible simplification which could be used to quickly obtain approximate results using the numerical method. It can be seen that if only the fundamental mode was included in the modal database of a panel, a predicted sound transmission loss result could be obtained, accurate to within 2 dB of the complete solution. 
4. Higher order panel modes
Figure 6 shows the displacement patterns associated with the first four modes of the modelled panel. As discussed by Guy and Bhattacharya [13], when such finite panel is excited by a single, normally incident plane wave, the first and third modes are ‘transmitting’ modes, having odd/odd indices. 


Fig. 5. The displacement patterns associated with the first four vibrational modes of the panel

The second case investigated was of the sound transmission loss calculated for a finite panel with a modal database including only the third mode. As the displacement patterns in figure 5 show, the third panel mode will be a transmitting mode, when the panel is excited by a plane wave source at normal incidence. 
The resulting sound transmission loss is shown in figure 6, where it is compared to the calculated sound transmission loss results for a panel with a modal database containing only the fundamental mode, and to that of a panel with a full modal database. 
Figure 6. Sound transmission loss, with only the first mode considered, with only the third mode considered, and with all modes considered. 

The predicted sound transmission loss, for the third vibrational mode, is characterised by a minimum at the natural frequency of this mode. At all other frequencies the transmission loss of the panel is about 20 dB more than the value obtained considering the fundamental mode only. This result confirms that the fundamental panel mode is the only mode which contributes significantly to the non-resonant response of the panel. The third mode contributes to the sound transmission loss over a narrow frequency band centred around its natural frequency. 
	The figure also shows that the modes contribute less significantly to the response of the panel at frequencies below their natural frequency, compared to frequencies above their natural frequency (shown by the fact that the gradient of the sound transmission loss curve is greater below the natural frequency than above).  This result supports the findings of Bies and Hansen [14] regarding the efficiency of radiation of modes excited at frequencies above their modal frequency.
	Two further cases were considered: (i) a panel with a modal database containing only the second mode and (ii) a panel with a modal database containing only the fourth mode. As the displacement patterns in figure 5 reveal, these modes are both ‘non-transmitting’ when the panel is excited by a plane wave source at normal incidence. The calculated sound transmission loss curves for these two panels are shown in figure 7, along with those for the panels previously discussed. The two new sound transmission loss curves use the vertical axis on the right hand side of the plot.
Figure 7. Transmission loss for single modes; also shown for all modes contributing.

The results show that the second and fourth modes, when excited by a plane wave at normal incidence, cannot strictly be called ‘non-transmitting’ since they do have some contribution to the overall sound transmission though the panel. However, their contribution is of such a small magnitude (resulting in a transmission loss of around 200 dB) that their effects are not measurable or significant in any practical application.  
5. Conclusions
The sound transmission loss curve of a finite, thin panel in the sub-critical frequency region is formed by the addition of the resonant and non-resonant transmission contributions of each of the panel modes. The only mode with a significant contribution to the non-resonant transmission is the fundamental mode. The sound transmission loss curve for a panel whose modal database contains only the fundamental mode is therefore a good indication of the non-resonant transmission of the panel (at all frequencies apart from those adjacent to the natural frequency of this mode). Higher order panel modes contribute to the sound transmission only close to their natural frequencies. This contribution will be reduced by the presence of damping. In the special case of a plane wave exciting a finite panel at normal incidence, the ‘non-transmitting’ modes identified by Guy and Bhattacharya [13] do contribute to the overall transmission through the panel, although their contribution is negligible over all frequencies.
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